The transforming growth factor-β (TGF-β) network of ligands and intracellular signaling proteins is a subject of intense interest within the field of skeletal muscle biology. To define the relative contribution of endogenous TGF-β proteins to the negative regulation of muscle mass via their activation of the Smad2/3 signaling axis, we used local injection of adeno-associated viral vectors (AAVs) encoding ligand-specific antagonists into the tibialis anterior (TA) muscles of C57BL/6 mice. Eight weeks after AAV injection, inhibition of activin A and activin B signaling produced moderate (∼20%), but significant, increases in TA mass, indicating that endogenous activins repress muscle growth. Inhibiting myostatin induced a more profound increase in muscle mass (∼45%), demonstrating a more prominent role for this ligand as a negative regulator of adult muscle mass. Remarkably, codelivery of activin and myostatin inhibitors induced a synergistic response, resulting in muscle mass increasing by as much as 150%. Transcription and protein analysis indicated that this substantial hypertrophy was associated with both the complete inhibition of the Smad2/3 pathway and activation of the parallel bone morphogenetic protein (BMP)/Smad1/5 axis (recently identified as a positive regulator of muscle mass). Analyses indicated that hypertrophy was primarily driven by an increase in protein synthesis, but a reduction in ubiquitin-dependent protein degradation pathways was also observed. In models of muscular dystrophy and cancer cachexia, combined inhibition of activins and myostatin increased mass or prevented muscle wasting, respectively, highlighting the potential therapeutic advantages of specifically targeting multiple Smad2/ 3-activating ligands in skeletal muscle.
yostatin, a member of the transforming growth factor-β (TGF-β) superfamily, is a powerful negative regulator of skeletal muscle mass in mammalian species. Mice lacking myostatin have twice the muscle mass of normal mice, due to a combination of an increased number of muscle fibers (hyperplasia) and increased fiber size (hypertrophy) (1, 2) . Similar increases in musculature are observed in cattle, sheep, dogs, and humans carrying a loss-of-function mutation in the myostatin gene (3, 4) . Myostatin negatively regulates the growth and morphogenesis of skeletal muscle by binding to activin type I (ALK4 or ALK5) and type II receptors (ActRIIA/B) and stimulating the Smad2/3 transcription pathway (5) . Smad2/3 activation leads to dephosphorylation and nuclear retention of the transcription factor FOXO3, which induces expression of the ubiquitin ligases MuRF-1 and atrogin-1 (6) . These ligases stimulate degradation of myofibrillar proteins, such as myosin, by the ubiquitin-proteasome system (7) . Smad2/3 activation also results in dephosphorylation, and therefore repression, of Akt, the key intermediary molecule mediating insulin-like growth factor-1 (IGF1)-stimulated protein synthesis in muscle (8) . Thus, the net effect of myostatin signaling in muscle is to limit protein synthesis and increase protein degradation, thereby maintaining homeostasis of muscle mass.
Myostatin is synthesized as a precursor molecule consisting of an N-terminal prodomain and a C-terminal mature domain. Dimeric precursors are cleaved by proprotein convertases, whereupon myostatin is secreted from the cell noncovalently associated with its prodomains (9) . Extracellularly, prodomain binding maintains myostatin in a latent form, which requires BMP-1/tolloid-like metalloprotease activation (10) . Several groups have exploited the fact that myostatin is naturally inhibited by its own prodomain by delivering a modified form of this molecule to WT mice and mice modeling musculoskeletal disorders (11, 12) . In both young and aged mice, prodomain-mediated inhibition of myostatin increased muscle mass between 20% and 30% (11, 12) . Mechanistically, the myostatin prodomain promoted muscle hypertrophy via inhibition of proteolytic pathways (13) . Importantly, administration of the myostatin prodomain also enhanced muscle growth and ameliorated dystrophic pathophysiology in mdx mice, a murine model of Duchenne muscular dystrophy (DMD) (14) .
Significance
Myostatin, via activation of the Smad2/3 pathway, has long been recognized as the body's major negative regulator of skeletal muscle mass. In this study, however, we demonstrate that other TGF-β proteins, particularly activin A and activin B, act in concert with myostatin to repress muscle growth. Preventing activin and myostatin signaling in the tibialis anterior muscles of mice resulted in massive hypertrophy (>150%), which was dependent upon both the complete inhibition of the Smad2/3 pathway and activation of the parallel bone morphogenetic protein (BMP)/Smad1/5 axis. Using this approach in models of muscular dystrophy and cancer cachexia increased muscle mass or prevented muscle wasting, respectively, highlighting the potential therapeutic advantages of complete inhibition of Smad2/3 ligand activity in skeletal muscle.
Importantly, recent studies have indicated that myostatin is not the only TGF-β family member that negatively regulates muscle growth (15, 16) . Treating WT and dystrophic mdx mice with soluble ActRIIB, or a neutralizing antibody targeting this pleiotropic receptor, increased muscle mass 30 to 60% (17) (18) (19) , which is significantly greater than the level of hypertrophy observed with inhibition of myostatin alone. Delivery of follistatin, a binding protein for multiple TGF-β ligands, resulted in even more profound hypertrophy (>100%) in adult mice (16, 20) . An examination of muscle weights in activin A and activin B heterozygous mice led Lee et al. (16) to suggest that activins may be the other ligands that are regulated by soluble ActRIIB and follistatin in muscle. To test this hypothesis directly, we developed specific activin antagonists based on modified prodomains and overexpressed these molecules in skeletal muscle using recombinant serotype-6 adeno-associated viral vectors (AAVs) (21) . Blocking activin A alone, or both activin A and activin B together, resulted in significant increases (11 to 14%) in muscle mass in WT mice, and markedly greater effects in Mstn −/− mice (17 to 50%) (21) .
Although the canonical TGF-β signaling pathway represses skeletal muscle growth and can promote muscle wasting, recent studies have identified the parallel bone morphogenetic protein (BMP)-Smad1/5 pathway as an important positive regulator of muscle mass (22, 23) . Supporting this concept, increasing the expression of BMP7, or the activity of BMP receptors in muscle, leads to Smad1/5-dependent muscle fiber hypertrophy (23) . Conversely, inhibition of BMP signaling exacerbates wasting in response to denervation or fasting and abolishes hypertrophy in myostatin-deficient mice (22, 23) . Thus, under normal circumstances, a balance between the Smad2/3 and Smad1/5 pathways is required to maintain muscle mass (24) .
The realization that multiple TGF-β family ligands cooperate with, or oppose, myostatin activity, via competition for the same receptor complexes and Smad-signaling proteins, provides an excellent opportunity to develop refined strategies to treat muscle-wasting diseases. In this study, we used myostatin and activin prodomains, alone or in combination, to induce graded increases in muscle mass and examined whether these inhibitors are capable of protecting against muscle wasting in murine models of muscular dystrophy and cancer cachexia.
Results
Myostatin and Activins Synergize to Regulate Muscle Mass. To determine the relative contribution of endogenous TGF-β ligands to the negative regulation of muscle mass, we used local injection of AAV vectors encoding either the myostatin prodomain (inhibits myostatin and the closely related ligand, GDF11) (Fig.  S1A) , a modified activin A prodomain (specifically inhibits activin A) (21) , or a modified activin B prodomain (inhibits activin A and activin B) (21) into the tibialis anterior (TA) muscles of WT C57BL/6 mice. Eight weeks post-AAV injections, the activin A and activin B prodomains produced significant (13 to 20%) increases in TA mass (Fig. 1A and Fig. S1B ). The comparable increase in muscle mass induced by blocking activin A alone, or both activin isoforms together, suggests that endogenous activin A is a particularly important repressor of muscle growth. Inhibiting myostatin induced a more profound increase in muscle mass (45%) (Fig. 1A) , consistent with the idea that this ligand is the dominant regulator of adult muscle mass. Strikingly, when the myostatin prodomain was codelivered with either activin prodomain, we observed a synergistic response, resulting in muscle mass increasing by as much as 156% (Fig. 1A) . Expression of the various prodomains was confirmed in treated TA muscles by Western blot for FLAG (Fig. 1B) . Histological analysis, using hematoxylin and eosin staining of the prodomain-treated TA muscles, revealed normal muscle architecture, with a progressive increase in myofiber size as each additional Smad2/3-activating ligand was inhibited ( Fig. 1 C and D) .
Increased myofiber size was associated with enhanced phosphorylation of effector molecules downstream of Akt in the protein synthesis pathway (mTOR and S6RP) (Fig. 1B and Fig.  S1 C and D) ; however, the expression of key atrophy-related genes, including Fbxo32 (Atrogin-1), Fbxo30 (Musa1), and Trim63 (MuRF1), was only marginally decreased ( Fig. 1E and Fig. S1E ). We investigated whether the substantial hypertrophy observed upon codelivery of activin B and myostatin prodomains was due to both (i) the inhibition of the growth-repressing Smad2/3 pathway and (ii) activation of the parallel growthpromoting bone morphogenetic protein (BMP)/Smad1/5 axis (22, 23) . Phosphorylation of Smad1/5 was only substantially increased when both activin and myostatin signaling was suppressed ( Fig. 1B and Fig. S1C ). To test the importance of the BMP-Smad1/5 pathway in the observed skeletal muscle hypertrophy, we codelivered AAV6 vectors expressing the activin B and myostatin prodomains, together with a vector encoding for the BMP pathway inhibitor, Smad6, to TA muscles. In this experiment, muscles were harvested 3 wk after AAV injections, at which time the increase in mass (74%) after prodomain overexpression ( Fig. 1F ) was half that observed after overexpression for 8 wk (156%) (Fig. 1A) . Although administration of AAV:Smad6 alone had no effect on muscle mass, coadministration of AAV:Smad6 significantly reduced the muscle hypertrophy induced by the combined effects of the activin B and myostatin prodomains (Fig. 1F) . In this setting, Smad6 significantly reduced, but did not completely ablate, phosphorylation of Smad1/5 (Fig. S1F ). These data demonstrate that activation of Smad1/5 signaling is an important component of the massive hypertrophy observed upon complete inhibition of the Smad2/3 pathway in skeletal muscle.
The Transcriptomic Signature of Prodomain-Induced Muscle Hypertrophy.
Because blocking activin A/B or myostatin signaling increased muscle mass 20% and 45%, respectively, while inhibiting these ligands together triggered a synergistic increase in mass, we sought to understand the mechanisms underlying these effects. Quantifying the transcriptome of muscles treated with various prodomain combinations for 8 wk by RNA-sequencing (RNA-Seq) revealed that only 44 and 181 genes were significantly regulated by activin B prodomain or myostatin prodomain treatment, respectively, relative to AAV:MCS injected control TA muscles (adjusted P value <0.1, ±1.5-fold) (Tables S1 and S2 ). To identify pathways that are involved in the regulation of muscle hypertrophy in the myostatin prodomain-treated mice, we used the DAVID Bioinformatic Database. This analysis identified the hypertrophic cardiomyopathy and dilated cardiomyopathy signaling pathways, both of which have previously been implicated in muscle growth and development after myostatin inhibition (25) . Supporting the literature, 24 of the 181 myostatin prodomain-regulated genes have been shown to promote, or protect against, cardiac hypertrophy (bold genes, Table S2 ). We verified the RNA-Seq findings for Actc1 using qRT-PCR (Fig. S2A) . Together, these results indicate that myostatin functions, in part, to inhibit an adaptive process in skeletal muscle with similarities to the hypertrophy-type response of myocardium.
Another objective of the transcriptome analysis was to identify the genes that contribute to the synergistic hypertrophic response when all Smad2/3-activating ligands are inhibited. However, using the cutoffs above, 3,849 genes changed significantly when muscles were treated with activin B and myostatin prodomains, relative to control. Even using more stringent cutoff criteria (adjusted P value <0.05, ±twofold), 1,290 genes were significantly regulated. To better delineate genes that contribute to the synergistic response, our dataset was compared with gene changes reported previously in response to follistatin (26) , which, Myostatin and activins synergize to regulate muscle mass. The right tibialis anterior (TA) muscles of 6-to 8-wk-old male C57BL/6 mice were injected with AAVs encoding for modified activin A prodomain, activin B prodomain, and/or myostatin prodomain (left TA muscles were injected with equivalent doses of an AAV lacking a transgene). (A) Eight weeks post-AAV injection, the TA muscles were harvested and weighed (n = 4-6, paired Student's t test, data groups with different letters achieved significance of P < 0.05). (B) Western blot analysis was used to assess prodomain expression and the phosphorylation of mTOR, S6RP, and Smad1/5. (C) Hematoxylin and eosin staining of TA muscles was performed on cryosections. (Scale bar: 100 μm.) (D) Muscle fiber size was quantified (n = 3, one-way ANOVA with Tukey's post hoc test, data groups with different letters achieved significance of P < 0.05; at least 150 myofibers were counted per TA muscle). (E) qRT-PCR was used to assess mRNA levels of Fbxo30 and Fbxo32 in response to activin/myostatin inhibition (n = 5, paired Student's t test, data groups with different letters achieved significance of P < 0.05). (F) The right tibialis anterior (TA) muscles of 6-to 8-wk-old male C57BL/6 mice were injected with AAVs encoding for the activin B/myostatin prodomains, Smad6, or the three vectors combined (left TA muscles were injected with equivalent doses of an AAV lacking a transgene). Eight weeks post-AAV injection, the TA muscles were harvested and weighed (n = 4-6, one-way ANOVA with Tukey's post hoc test, data groups with different letters achieved significance of P < 0.05).
like prodomains, fully inhibits Smad2/3 signaling and activates the Smad1/5 pathway. By this comparison, we identified 217 genes that were significantly regulated (adjusted P value <0.05, ±twofold) by both prodomain and follistatin treatment (Table  S3) . Up-regulated genes included those involved in the protein synthesis pathway (Slc7a5, Lat2, and Igf2) and myoblast differentiation (Tceal7) whereas a group of E3 ubiquitin ligaseassociated genes linked to protein degradation (Kbtbd13, Asb2, Asb11, Klhl33, Klhl34, and Klhl38) were significantly downregulated. qRT-PCR was used to verify some of these findings (Fig. S2A) . Finally, because our results indicated that Smad1/5 activation is necessary for the large increase in mass observed when all Smad2/3-activating ligands are inhibited, we examined the expression of selected genes in muscles treated with activin/myostatin prodomains and Smad6. Interestingly, Smad6 actually enhanced the prodomain-mediated increase in Actc1 expression and had no effect on prodomain-mediated suppression of Klhl38 and Igfn1 (Fig. S2B) . A transcriptomic analysis of muscles treated with prodomains and Smad6 is likely required to identify the gene targets involved in the Smad1/5 hypertrophy response.
Inhibition of Smad2/3-Activating Ligands Increases Muscle Mass in Dystrophic Mice, but Has Modest Effects on Fibrosis. Given the progressive increase in muscle mass in WT mice as each additional Smad2/3-activating ligand was inhibited ( Fig. 1) , we sought to assess whether similar changes could be induced in muscles that exhibit features of dystrophy. Accordingly, the TA muscles of dystrophin-null mice (mdx) and dystrophin-null mice also rendered heterozygous for the homolog, utrophin (het), were injected with AAV vectors encoding prodomains for activin B and/or myostatin. Eight weeks after AAV injection, inhibition of activin A and B with the activin B prodomain increased muscle mass in both dystrophic phenotypes ( Fig. 2 A and B) to a similar extent as was observed in WT mice (∼20%). Interestingly, the myostatin prodomain was less potent in the dystrophic setting than in WT mice, increasing muscle mass only 27% in mdx mice and 20% in het mice ( Fig. 2 A and B) . A synergistic hypertrophic response was observed in the TA muscles of mdx mice when myostatin and activins were inhibited ( Fig. 2A) although the magnitude of effect was approximately half that observed in WT mice (Fig. 1A) . In het mice, coadministration of the activin B and myostatin prodomains resulted in an additive, rather than synergistic, increase in muscle mass (Fig. 2B ). Histological examination revealed that the increase in muscle mass in mdx and het mice was a product of muscle fiber hypertrophy (Fig. 2C) , as demonstrated by increases in fiber diameter (Fig. 2D) . Expression of the activin B and myostatin prodomains in either dystrophic strain when examined 8 wk after AAV injection was greatly diminished in comparison with the high expression achieved in WT mice (Fig. 2E) . Others have implicated cycles of muscle degeneration/regeneration and oxidative stress in the dystrophic mice as contributing to reduced transgene expression in dystrophic muscles (27, 28) . Despite reduced prodomain expression in dystrophic muscles at endpoint, initial prodomain expression and the subsequent inhibition of Smad2/3-activating ligands were sufficient to induce TA muscle hypertrophy and maintain suppression of the atrophy-related gene, Igfn1 (Fig. 2F) .
Although myofiber size was increased after treatment of the muscles of mdx and het mice, further histological analysis of the prodomain-treated TA muscles revealed the persistence of fibrotic connective tissue and centrally located nuclei, both of which are characteristic hallmarks of dystrophic pathology (Fig.  2C) . Consistent with the histological observations, transcriptional analysis confirmed that typical markers of fibrosis, CTGF, Fn1, Col3a1, and Mfap4, were increased in the TA muscles of mdx and het mice ( Fig. S3A ) and were not decreased 8 wk after administration of prodomain vectors (Fig. 2F ). Considering the possibility that persistent, rather than transient, suppression of Smad2/3-activating ligands was required to improve the dystrophic phenotype in these animals, we repeated the study but examined the mass and histology of TA muscles 2 wk after vector administration, when prodomain expression was still evident (Fig. 3A) . Even at this early time point, prodomains significantly increased TA muscle mass in both mdx and het mice (Fig. 3B ). Histological analysis did not conclusively indicate that fibrosis within the muscles of these mice was reduced after overexpression of activin and myostatin prodomains for 2 wk. However, the expression of fibrosis genes Fn1, Col3a1, and Mfap4 was significantly reduced by prodomains in het mice, and there was a trend for a decrease in expression of these genes in mdx mice (Fig. 3C) . The major reduction in Igfn1 expression observed 2 wk after vector administration confirmed the activity of the overexpressed prodomains in both mouse strains (Fig. 3C) . Thus, inhibition of Smad2/3-activating ligands seems sufficient to increase mass and reduce fibrosis in muscles of dystrophic mice.
To extend these findings, we performed qRT-PCR for Mstn, Gdf11, Inhba (codes for activin A), Inhbb (codes for activin B), Tgfb1, Tgfb2, and Tgfb3 in skeletal muscle of WT, mdx, and het mice treated with, or without, prodomains. Interestingly, Mstn mRNA levels decreased significantly in dystrophic mice whereas Gdf11 (2.5-fold), Tgfb1 (18-fold), Tgfb2 (1.7-fold), Tgfb3 (1.7-fold), and Inhbb (∼twofold) mRNA levels increased (Fig. S3B ). Similar changes were observed in circulating levels of these seven TGF-β proteins, with serum myostatin levels significantly decreased in dystrophic mice (WT, 64 ± 10 ng/mL; mdx, 46 ± 10 ng/mL; het, 42 ± 7 ng/mL, n = 6) whereas serum TGF-β1, TGF-β2, and GDF11 levels showed a trend toward increase (Fig. S3C) . Thus, fibrosis in mdx and het mice occurs despite decreased local and circulating levels of myostatin and is likely due to increased expression of other TGF-β ligands, particularly TGF-β1. How specific activin and myostatin inhibitors reduce fibrosis in this setting ( Fig. 3C) remains to be determined but may result from a reduction in the net tone of pSmad2/3 levels within dystrophic muscles.
Inhibition of Smad2/3-Activating Ligands Prevents Local Muscle
Wasting in the Colon-26 Model of Cancer Cachexia. Mice bearing colon-26 (C26) tumors develop severe cachexia, characterized by a rapid loss of lean and fat mass (Fig. S4A ). Because activins and myostatin have been strongly associated with the pathogenesis of cachexia in mice bearing C26 tumors (29, 30) , we examined whether prodomain treatment could prevent muscle wasting in this model. C26 tumor fragments were implanted s.c. into male BALB/c mice, and, simultaneously, the TA muscles were injected with AAV vectors encoding for myostatin and/or activin B prodomains. At the experimental endpoint (18 d), the TA muscles of C26 tumor-bearing mice exhibited a 28% reduction in mass compared with muscles of sham mice (Fig. 4A) . Although specific inhibition of activin A and B within the TA muscle had no effect, blocking myostatin partially reversed C26 tumor-induced wasting (Fig. 4A) . Importantly, inhibiting myostatin and activins not only prevented muscle wasting in the C26 model but also led to a small increase (4%) in muscle mass, compared with sham mice (Fig. 4A ). Histological examination revealed that the decrease in muscle mass in C26 tumor-bearing mice was a product of muscle fiber atrophy (Fig. 4B) , as demonstrated by decreases in fiber diameter (Fig. 4C) , and that these changes were reversed after codelivery of the activin B and myostatin prodomains. By Western blot, there was a decrease in the activation of the growth promoting Smad1/5 pathway in cachectic muscles, but this decrease was reversed after prodomain treatment (Fig. S4B) .
Mechanistically, factors produced by the C26 tumors increased mRNA expression of atrophy-related genes, including Tnfrsf12a, Igfn1, Csrp3, and the muscle specific E3 ubiquitin ligases Fbxo32 and Trim63 (Fig. 4D ). In addition, Ky, a gene implicated in muscle hypertrophy (31, 32) , was markedly downregulated in C26 tumor-bearing mice (Fig. 4D) . Inhibition of myostatin and activins decreased expression of Tnfrsf12a, Igfn1, and Csrp3 to control levels, indicating that these genes are under Smad2/3 control in mice bearing C26 tumors (Fig. 4D) . In contrast, elevated expression of Fbxo32 and Trim63 and decreased expression of Ky were unaltered after inhibition of Smad2/3-activating ligands. That the activin B and myostatin prodomains prevented TA muscle wasting in the presence of persistently elevated levels (>10-fold) of Fbxo32 and Trim63 is unexpected, and it indicates that inhibition of the Smad2/3 pathway can counteract the catabolic effects of these ubiquitin ligases (Fig. 4D ). This counteractivity may be due to the ability of the prodomains to drive skeletal muscle protein synthesis, in a similar manner to follistatin (19) , even in mice bearing C26 tumors (Fig. S4C ).
Discussion
The transforming growth factor-β (TGF-β) network of ligands and intracellular signaling proteins is the subject of intense interest within the field of skeletal muscle biology (24) . Although specific TGF-β family members have been investigated extensively as negative regulators of growth and have been designated as targets for the development of therapeutics to combat musclerelated diseases, emerging roles for other ligands (22, 23) are prompting deeper investigation of the myriad ways this network controls skeletal muscle attributes in health and disease. Most focus has centered on the Smad2/3-activating ligand myostatin as the major negative regulator of muscle growth (1) . In the present study, inhibition of myostatin (and, potentially, the closely related ligand GDF11) in TA muscles of WT mice resulted in a 45% increase in mass, a finding consistent with earlier studies (11, 12) . Although substantial, this degree of hypertrophy is considerably less than has been reported after treatment with broadspectrum TGF-β antagonists, such as follistatin (20) . Consequently, we examined the contribution of activins to the negative regulation of muscle growth. Although not expressed at high levels in skeletal muscle, inhibition of circulating activin A and activin B induced modest (∼20%) increases in muscle mass. However, inhibition of myostatin and activins resulted in a surprising synergistic hypertrophic response, with muscle mass increasing >150%. These findings indicate that Smad2/3 signaling must be completely inhibited within skeletal muscle to promote maximal hypertrophy. Even the low level of Smad2/3 activation in muscle that is induced by circulating activin A and B is sufficient to limit growth after myostatin blockade. In support, only 44 and 181 genes were significantly regulated by activin B prodomain or myostatin prodomain treatment, respectively, whereas, in combination, these prodomains altered the expression of 3,849 genes. These observations demonstrate how targeting distinct ActRIIB ligands influences processes in skeletal muscle and that joint targeting can exert significantly greater impact upon gene regulation.
Activation of the protein synthesis pathway seemed to be a primary mechanism underlying the observed hypertrophy. Phosphorylation of effector molecules in the insulin-like growth factor (IGF)-stimulated protein synthesis pathway, mTOR and S6RP, was significantly enhanced after combined activin B and myostatin prodomain treatment. In addition, RNA-Seq showed that complete inhibition of Smad2/3 signaling in muscle resulted in markedly increased expression of growth factor (Igf2, increased 2.4-fold), amino acid transport (Slc7a5, fourfold; Lat2, 3.8-fold), and amino acid biosynthesis (Psat1, 3.7-fold) genes critical for protein synthesis (33) (34) (35) . In terms of protein degradation, the expression of the E3 ubiquitin ligases Fbxo32 (MAFbx/atrogin1), Trim63 (MuRF1), and Fbxo30 (Musa1) (7, 22) , which classically drive this pathway in muscle, was not substantially reduced after 8 wk of myostatin/activin blockade. However, in our analysis of genes regulated by both prodomain and follistatin (26) repeat and SOCS box family (Asb2 and Asb11), as well as multiple Kelch-like proteins (Klhl33, Klhl34, Klhl38, and Kbtbd13). These genes encode substrate recognition/adaptor subunits of Cullinbased ubiquitin ligases and are involved in ubiquitin-dependent protein degradation. Importantly, we have previously shown that Asb2 is a negative regulator of muscle mass (26) whereas Asb11 plays a key role in embryonic, as well as adult, regenerative myogenesis (36) , and mutations in Kbtbd13 are associated with nemaline myopathy (37) . Studies are needed to consider how down-regulation of this group of genes after complete inhibition of Smad2/3 signaling affects protein degradation pathways in muscle.
One of the most compelling themes to emerge in skeletal muscle biology recently is the positive role of the BMP-Smad1/5 axis on growth (22, 23) . Normally, Smad1/5 signaling is low in skeletal muscle, and inhibition of this pathway with Smad6 has no effect on mass. However, Smad1/5 signaling is initiated upon myostatin and activin blockade, and this pathway drives the observed synergistic hypertrophic response. Thus, the BMP axis becomes an important positive regulator of muscle mass in the absence of a Smad2/3 signal. Our current model to explain this phenomenon is that sequestration of myostatin and activin isoforms by modified prodomains enables endogenous BMPs to engage activin type II receptors (ActRIIA/IIB), for which they normally display low affinity (38) . Which endogenous BMPs are involved in this process is an open question; however, RNA-Seq data indicate that BMP5 and BMP6 are the most highly expressed members of the subfamily within muscle. Inhibition of myostatin-related ligands in mouse models of muscular dystrophy has been shown variously to reduce muscle fibrosis and increase mass and strength although side effects, including increased susceptibility to fatigue with continued activation, may occur (39) (40) . In this study, we examined the relative contribution of myostatin and activin isoforms to dystrophic pathophysiology. In mdx and het mice, inhibiting activins increased muscle mass to the same extent as inhibiting myostatin (∼20%). Although myostatin expression is reported to increase in mdx muscles (41), we actually observed a significant decrease in local and circulating levels of this growth factor, which may contribute to its reduced role in negatively regulating mass in the dystrophic setting. As observed in WT mice, a synergistic increase in mass was observed when myostatin and activins were inhibited in the TA muscles of mdx mice for 8 wk; however, there was no corresponding reduction in the degree of fibrosis. We noted that prodomain expression was lost by 8 wk after vector delivery (likely due to increased fiber turnover in dystrophic muscles), and, therefore, we repeated the study for a shorter period. Constant Smad2/3 inhibition for 2 wk both ameliorated fibrosis and increased muscle mass, supporting the consideration of reagents such as follistatin or modified prodomains for the treatment of muscular dystrophy.
Smad2/3-activating ligands are also closely associated with the pathogenesis of the severe wasting syndrome, cancer cachexia (2, 29, 30) . We have previously shown that increased circulating activins contribute to lean tissue loss in a number of cachexia models and that intracellular inhibition of Smad signaling, after gene delivery of the inhibitor Smad7, prevents muscle wasting associated with cachexia (42). In this study, we compared the therapeutic potential of the activin B and myostatin prodomains, alone and together, in the colon-26 (C26) model of cachexia (43). Inhibiting activins did not limit TA muscle wasting in C26 tumor-bearing mice, perhaps reflecting inadequate prodomain production to cope with the progressively increasing levels of tumor-derived activins. In contrast, blocking local myostatin signaling in mice carrying C26 tumors partially reversed muscle wasting. Inhibiting all four TGF-β ligands completely blocked wasting in the treated TA muscle but did not induce the same hypertrophic response as observed in WT and dystrophic mice. Transcriptional analysis indicated that expression of E3 ubiquitin ligases involved in protein degradation (Fbxo32 and Trim63) was markedly elevated in C26 tumor-bearing mice and was not affected by prodomain treatment. That prodomains could block muscle wasting, despite persistently activated protein degradation pathways, likely reflects the positive effects of Smad2/3 inhibition on protein synthesis.
In conclusion, using specific antagonists, we have determined the relative contribution of Smad2/3-activating ligands to the negative regulation of muscle mass and confirmed the importance of the BMP-Smad1/5 axis in promoting growth. These findings provide the framework for more precise regulation of the TGF-β signaling network to reverse muscle wasting associated with disease.
Materials and Methods
Production of AAV Vectors. Generation of the modified activin A and B prodomains has been previously described (21) . For modifying the myostatin prodomain, QuikChange site-directed mutagenesis was used to substitute an alanine for aspartate at residue 99 to remove the BMP-1 cleavage site. A FLAG-tag was also introduced at the C-terminal domain by overlapextension PCR. This modified FLAG-tagged myostatin prodomain was subsequently fused to the Fc-domains of a class IgG2A mouse antibody by overlap-extension PCR. The cDNA constructs encoding for modified activin A, activin B, and myostatin prodomains were then cloned into an AAV expression plasmid consisting of a CMV promoter/enhancer and SV40 poly-A region flanked by AAV2 terminal repeats. These AAV plasmids were cotransfected with pDGM6 packaging plasmid into HEK-293 cells to generate type-6 pseudotyped viral vectors, which were then harvested and purified as described previously (44). HEK-293 cells were seeded onto culture plates for 8 to 16 h before transfection. Plates were transfected with a vector genome-containing plasmid and the packaging/helper plasmid pDGM6 by calcium phosphate precipitation (44). After 72 h, the media and cells were collected and subjected to three cycles of freeze-thaw, followed by 0.22-μm clarification (Millipore). Vectors were purified from the clarified lysate by affinity chromatography using heparin columns (HiTrap; GE Healthcare), the eluent was ultracentrifuged overnight, and the vector-enriched pellet was resuspended in sterile physiological Ringer's solution. The purified vector preparations were quantified with a customized sequence-specific quantitative PCR-based reaction (Life Technologies) (44). ), 4-to 9-wk-old males and females were injected with vectors carrying transgenes of modified prodomains at the same doses as the WT mice. At the experimental endpoint, mice were humanely euthanized via cervical dislocation, and TA muscles were excised rapidly and weighed before subsequent processing.
Implantation of colon-26 (C26)-derived tumor tissue was carried out on isoflurane-anesthetized 8-to 10-wk-old male BALB/c mice, as described previously (45). Briefly, tumor pieces were thawed from liquid nitrogen, and 1-mm 3 pieces were then implanted using a trocar needle through a small incision beneath the skin overlaying the flank. Vectors carrying transgenes of modified prodomains were injected at the same doses as described above. Mice were analyzed for body mass and composition using quantitative magnetic resonance (EchoMRI) performed periodically during the 3-wk experiment. At the experimental endpoint, terminal blood samples were collected from anesthetized mice by cardiac puncture, and mice were then humanely euthanized via cervical dislocation, and muscles were excised rapidly and weighed before subsequent processing.
Histology. Harvested muscles were placed in OCT cryoprotectant and frozen in liquid nitrogen-cooled isopentane. The frozen samples were cryosectioned at 10-μm thickness and stained with hematoxylin and eosin or Masson's Trichrome, as described previously (29) . All sections were mounted using DePeX mounting medium (VWR) and imaged at room temperature using a U-TV1X-2 camera mounted to an IX71 microscope, and an Olympus PlanC 10×/0.25 objective lens. DP2-BSW acquisition software (Olympus) was used to acquire images. The minimum Feret's diameter of muscle fibers was determined using ImageJ software (US National Institutes of Health) by measuring at least 150 fibers per mouse muscle.
Transcriptome Sequencing and Bioinformatics. Whole transcriptome sequencing (mRNA-Seq) was performed on TA muscles injected with empty AAV, AAV:Activin B prodomain, AAV:Myostatin prodomain, or a combination of AAV vectors expressing both prodomains. Integrity of RNA was determined using the Agilent Bioanalyzer, and all samples gave RNA integrity number (RIN) scores of ≥8.8. One microgram of total RNA was processed using the Illumina TruSeq Stranded mRNA Library Prep kit (Illumina) to generate indexed cDNA libraries for each RNA sample. Libraries were verified by Bioanalyzer and quantitated by qPCR. A single equimolar pool was prepared and sequenced on an Illumina HiSeq3000, with the resulting 50-bp single-end reads mapped to the mouse genome (mm10) using STAR software (46). Gene expression data were analyzed by Limma (47), and GO analyses of molecular function were analyzed using the bioinformatics resource DAVID (National Institute of Allergy and Infectious Diseases, NIH) (48).
qRT-PCR. Total RNA was collected from muscles using TRIzol (Life Technologies). RNA (1 to 3 μg) was reverse transcribed using the High Capacity RNA-to-cDNA kit (Life Technologies). Gene expression levels were analyzed by qRT-PCR, with Hprt or 18S to standardize cDNA concentrations, using TaqMan gene expression assays (Life Technologies) and ABI detection software. Data were analyzed using the ΔΔCT method of analysis and normalized to a control value of 1.
Western Blotting. TA muscles were homogenized in radioimmunoprecipitation assay (RIPA)-based lysis buffer (Millipore) supplemented with Phosphatase and Protease Inhibitor Mixtures (Sigma-Aldrich). Samples were centrifuged at 13,000 × g for 15 min at 4°C and then denatured for 5 min at 95°C. Protein concentrations were determined using a protein assay kit (Thermo Scientific). Protein fractions were subsequently separated by SDS/PAGE using precast 4 to 12% Bis-Tris gels (Bio-Rad) blotted onto nitrocellulose membranes (Bio-Rad) and incubated overnight at 4°C with antibodies against FLAG (for prodomain expression), Smad6, p-mTOR, mTOR, p-S6RP, S6RP, p-Smad1/5, Smad1/5, p-Smad3, or Smad3 (Cell Signaling Technologies) at 1:1,000 dilution, or GAPDH (Santa Cruz Biotechnology) at 1:10,000 as described previously (46), and then probed with HRP-conjugated secondary antibody for 1 h. Chemiluminescence was detected using ECL Western blotting detection reagents (GE Healthcare). Quantification of labeled Western blots was performed using ImageJ pixel analysis. Densitometric analyses of Western blots are presented as band density and normalized to the control value of 1.
ELISAs. Specific ELISAs used to measure circulating TGF-β1, TGF-β2, TGF-β3, Myostatin, and GDF11 were purchased from R&D Systems whereas the activin B assay was from AnshLabs. Activin A levels were measured using an in-house assay, as previously described (29) .
Myostatin Prodomain Activity. HEK293F cells were transfected with the Smad2/3-responsive A3-Luciferase reporter construct and FAST2 transcription factor, as previously described (21), using Lipofectamine 2000 (Life Technologies). At 24 h posttransfection, cells were treated with recombinant myostatin or GDF11 (R&D Systems) in the presence of increasing concentrations of the modified myostatin prodomain. After 16-h incubation, cells were harvested in solubilization buffer, and the Smad2/3-induced luciferase activity was determined.
Statistical Analysis. One-and two-way ANOVAs were used to assess statistical differences across conditions, with the Tukey's post hoc test used for comparisons between the specific group means using GraphPad Prism v.6 (GraphPad 
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Chen et al. 10 .1073/pnas.1620013114 Fig. S1 . Specificity of the myostatin prodomain and effect of inhibiting activin and myostatin signaling on protein synthesis, protein degradation, and Smad1/5 pathways. (A) The myostatin prodomain blocks myostatin-or GDF11-induced activation of a Smad2/3-responsive luciferase reporter in HEK293T cells. (B) Demonstration that the standard dose of AAV:Act B prodomain (10 10 vg) used in this study is saturating for endogenous activins (n = 5-6, paired Student's t test, data groups with different letters achieved significance of P < 0.05). (C) Densitometric analysis of Western blots probed for total and phosphorylated forms of mTOR, S6RP, and Smad1/5 in response to activin and myostatin inhibition (n = 5, one-way ANOVA with Tukey's post hoc test, data groups with different letters achieved significance of P < 0.05). (D) Expanded Western blot (n = 4-5 TAs) of S6RP phosphorylation in response to prodomain treatment. (E) qRT-PCR analysis was used to assess mRNA expression of Trim63 (Murf1) in muscles of WT mice treated with prodomains (n = 5-6, paired Student's t test, data groups with different letters achieved significance of P < 0.05). (F) Western blot analysis of TA muscles was used to assess prodomain and Smad6 expression and the phosphorylation of Smad1/5. For the prodomain Western blot, two lanes, representing samples not related to the results for this paper, were spliced out (black line). . Skeletal muscle expression of fibrosis-and atrophy-associated genes and circulating levels of TGF-β proteins in WT and dystrophic mice. qRT-PCR analysis was used to assess mRNA expression of (A) fibrosis (CTGF, Fn1, Col3a1, and Mfap4) and atrophy (Igfn1 and Mss51) associated genes, and (B) TGF-β superfamily genes (Mstn, Gdf11, Inhba, Inhbb, Tgfb1, Tgfb2, and Tgfb3) in TA muscles of WT, mdx, and het mice. For the TGF-β genes, prodomains had no effects on expression. (C) Specific ELISAs were used to measure circulating TGF-β levels (all experiments, n = 5-6, one-way ANOVA with Tukey's post hoc test, data groups with different letters achieved significance of P < 0.05; N.D., not detected). Table S1 . Activin B prodomain-regulated genes in the tibialis anterior muscle of C57BL/6 mice (adjusted P value <0.1, ±1. Bold genes have been shown to promote or protect against cardiac hypertrophy. Table S3 . Genes regulated by cotreatment of tibialis anterior muscle of C57BL/6 mice with activin B and myostatin prodomains (adjusted P value <0.1, ±1. 
